Running title : The oligogalacturonate KdgM porin SUMMARY The phytopathogenic Gram negative bacteria Erwinia chrysanthemi secretes pectinases, which are able to degrade the pectic polymers of plant cell walls, and uses the degradation products as a carbon source for growth. We characterized a major outer membrane protein, KdgM, whose synthesis is strongly induced in the presence of pectic derivatives. The corresponding gene was characterized. Analysis of transcriptional fusions showed that the kdgM expression is controlled by the general repressor of pectinolytic genes, KdgR, by the repressor of hexuronate catabolism genes, ExuR, by the pectinase gene repressor, PecS, and by catabolite repression via the CRP transcriptional activator. A kdgM mutant is unable to grow on oligogalacturonides longer than trimers and is affected as regards its virulence.
INTRODUCTION
The phytopathogenicity of the pectinolytic Erwinia species, reclassified Pectobacterium (1), is mainly due to their ability to macerate the major component of plant cell walls, pectin.
Pectin consists of α-1,4 linked galacturonate residues (PGA) 1 with some methyl-esterified and acetyl-esterified residues. Erwinia chrysanthemi (synonym: Pectobacterium chrysanthemi), which causes soft-rot disease of various plants, is able to use pectin as a carbon source for growth. Pectin catabolism involves a variety of pectinases, including esterases and depolymerases ( Fig. 1) , among which endo-pectate lyases play a crucial role in the soft-rot disease (2, 3) . Pectinases are secreted in the extracellular medium by a type II secretion pathway : the Out system (4, 5) . The end products of pectin degradation by these extracellular pectinases are mainly dimers to tetramers of galacturonides (GA 2 to GA 4 ) with some longer oligomers. Most oligogalacturonides (GA n ) resulting from a lyase activity have a 4,5-Bacterial strains, plasmids and culture conditions -Bacterial strains and plasmids used in this work are described in Table I . E. chrysanthemi and E. coli cells were grown at 30°C
and 37°C respectively, in LB or M63 medium (25) supplemented with a carbon source at 2 g.l -1 for glycerol and glucose, 1 g.l -1 for GA, GA 2 , and GA 3 , 4 g.l -1 for PGA and pectin. 0.1 mM CaCl 2 was added with PGA and pectin. PGA (grade II), pectin, GA 1 , saturated GA 2 and GA 3 were from Sigma Chemical Co. The mixture of oligogalacturonides, containing mainly unsaturated trimers to pentamers with longer oligomers, was obtained by digestion of PGA with the E. chrysanthemi pectate lyase PelL, according to Roy et al. (7) . When required,
antibiotics were added at the following concentrations : kanamycin (Km) 50 mg.l 
Purification of KdgM and preparation of KdgM antiserum -KdgM was extracted from
the E. chrysanthemi kdgR strain A837 after growth at 30°C in LB to an OD of 0.8 at 600 nm.
The cells were harvested, disrupted in a French Press in 50 mM Tris-HCl pH 8.0, 5 mM EDTA. Unbroken cells were removed by centrifugation at 10,000 x g for 10 min and the crude cell membrane fraction was sedimented by centrifugation at 100,000 x g for 2 h. The membranes were resuspended in 50 mM Tris-HCl pH 8.0, 2% Triton X-100, 5 mM MgCl 2 , incubated for 30 min with gentle agitation at room temperature and centrifuged at 100,000 x g for 2 h. The supernatant was loaded onto a 15% preparative Tris-glycine SDS-PAGE. After electrophoresis, the band corresponding to KdgM was cut out, crushed and proteins were extracted by overnight incubation at 4°C with 30 mM Tris-HCl pH 8.0, 0.3% SDS. The protein extract was used to immunize a rabbit to obtain the KdgM antiserum.
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KdgM was also prepared from the recombinant E. coli strain PHL646 / pKM2. Cells were grown at 30°C in LB with Ap to an OD of 1.0 at 600 nm. Isopropyl-β-Dthiogalactopyranoside was added to 1 mM and the culture was grown at 30°C for 4 h. The crude cell membrane fraction was prepared as above. The membranes were resuspended in 10 mM Tris-HCl pH 8.0, 0.5% N-lauroyl-sarcosyl (Sigma), incubated for 1 h with gentle agitation at room temperature and centrifuged at 100,000 x g for 2 h. The non soluble fraction was resuspended in 10 mM Tris-HCl pH 8.0, 0.7% n-octyl-β-D-glucoside, incubated for 1 h with gentle agitation at room temperature and centrifuged at 100,000 x g for 2 h. The same treatment was performed with the resulting non soluble fraction resuspended in 10 mM Tris-Subcellular fractionation -Subcellular fractionation was performed using E. chrysanthemi kdgR cells grown to early stationary phase after disruption with a French press. Membrane fractionation was carried out by sucrose-density-gradient centrifugation in a flotation gradient (29). Fractions collected from the bottom of the gradient were assayed according to Osborn et al. (30) .
N-Terminal amino acid sequence analysis -
A crude cell membrane fraction of the E. chrysanthemi kdgR strain A837 was prepared as described above, separated by Tris-glycine SDS-PAGE and electroblotted onto a PVDF membrane in CAPS buffer according to Matsudaira (31). The membrane was stained with 0.5% Ponceau S and the KdgM band was cut out and subjected to N-terminal analysis by Edman degradation at IBCP (Lyon).
Cross-linking -E. chrysanthemi strains were grown at 30°C in LB and LB+PGA to an OD of 1.0 at 600 nm. Cells were washed with 10 mM phosphate buffer pH 7.0 and incubated in 10 mM phosphate buffer pH 7.0, 1% formaldehyde for 5 or 30 min at room temperature.
After a second washing, extracts were either incubated for 10 min at 30°C or boiled for 20 min, separated by Tris-glycine SDS-PAGE and submitted to immunodetection. The KdgR protein was used as a control of dimerization (32, 33).
Reconstitution of KdgM in liposomes -
The purified protein KdgM (500 ng) was added to 2 ml of 500 mM KCl, 10 mM Hepes-KOH pH 7.4 and 33 mM n-octyl-β-D-glucoside buffer containing 1 mg of sonicated lipids (asolectin from soybean, type IV-S). After incubation for 15 min at room temperature, 160 mg wet weight of SM-2 Bio Beads (Bio-Rad)
were added to the suspension to remove the detergent. Incubation was carried out for 4 h at room temperature. The Bio Beads were discarded and the suspension was centrifuged for 30 min at 344,000 x g at 4°C. The proteoliposomes were resuspended in 0. Band shift experiments -The kdgM regulatory region was amplified by PCR using the 
RESULTS

KdgM is a major outer membrane protein of pectinolytic Erwiniae -The KdgR
repressor controls the synthesis of all the genes of the pectic degradation pathway (41).
Analysis by Tris-tricine SDS-PAGE of the membrane proteins of wild type and kdgR strains of E. chrysanthemi showed a protein strongly expressed in the kdgR mutant ( Fig. 2A) .
Synthesis of this protein, named KdgM, is also strongly induced when bacteria are grown in the presence of pectin or pectin derivatives, such as PGA or GA (data not shown). To localize KdgM more precisely, outer and inner membranes of the kdgR and the wild type strains were separated by centrifugation on a sucrose density gradient. KdgM was observed only in the outer membrane protein fraction (data not shown). A KdgM antiserum was obtained and used with extracts of various bacteria. A cross-reacting protein was detected in some pectinolytic
Erwiniae, such as E. cypripedii or E. carotovora subspecies, but not in the non pectinolytic E. amylovora ( Fig. 2C ). , followed by a run of T residues, which is typical for a rho-independent transcription termination site (Fig. 3A) .
Identification and analysis of the kdgM gene -
Analysis of the DNA sequences situated on each side of kdgM enabled us to localize this gene downstream from the pelW-togMNAB operon (12) and upstream from the paeX gene ( (Table II) . Erwinia carotovora, Klebsiella pneumoniae, Pseudomonas syringae pv. tomato, Salmonella typhimurium, Salmonella paratyphimurium, Vibrio halioticoli and E. coli possess proteins which have less similarity with KdgM (Table II) . Among these proteins only one has been assigned a putative activity, the alginate lyase AlyVGIII from V. halioticoli (Sugimura, I., present no strong homology with KdgM but seem to belong to the same family since they present significant homology with other proteins of this family.
Genetic organisation of kdgM homologues -kdgM is localized in a pathogenicity island of the E. chrysanthemi chromosome which contains several genes involved in pectin catabolism ( Fig. 4) (Fig. 4 ). All these genes are found in clusters containing genes involved in pectin catabolism or transport, suggesting that they may encode proteins involved in related functions.
Other genes of the kdgM family are found in the vicinity of putative sugar transporters and permeases. The gene encoding the KdgM homologous protein in P. syringae pv. tomato is situated downstream from genes encoding an ABC-transporter. The orfM and yiiY genes of S. typhimurium and S. paratyphimurium are located upstream from genes encoding a putative metabolite transporter and the rhamnose-H + symporter, RhaT (46), respectively. Similarly, the yshA genes from S. typhimurium and E. coli are found upstream from genes encoding putative sugar transporters.
The G+C content of the kdgM coding region is 42.9%. It strongly contrasts with the value usually found in E. chrysanthemi genes, which is about 52%. For example, the pelWtogMNAB operon is 51.1% G+C rich. The same phenomenon was observed with the genes encoding KdgM homologues in Y. pestis, S. typhimurium and E. coli (Table II) . It appears that genes of the kdgM family are characterized by an AT-rich coding region.
Regulation of the kdgM expression -The transcription of each gene involved in pectinolysis is tightly controlled by several transcriptional regulators. To study kdgM regulation, an uidA-Km cassette was introduced into the gene and the kdgM::uidA fusion was recombined into the E. chrysanthemi chromosome. Expression of β-glucuronidase was measured in various environmental conditions and in mutants inactivated for transcriptional regulators known to be involved in the regulation of pectinolytic genes. The expression of the fusion is induced at about 14-fold in the presence of PGA and pectin and 4-fold in the presence of GA. In a wild type background, the kdgM expression is dependent on environmental conditions such as pH, osmolarity, temperature and oxygen availability (Table   III) . The maximum expression was observed at pH 7.7, at 260 mosm and at 30°C, which is the optimum temperature for E. chrysanthemi growth, and also in conditions of oxygen limitation.
Induction in the presence of pectin derivatives mainly results from the interaction of the KdgR repressor with intracellular pectic catabolites such as DKI or KDG (2). A 10-fold increase in the fusion expression in a kdgR background (Table III) confirmed that the kdgM expression is controlled by the main regulator of genes involved in pectin degradation, KdgR (2, 41, 47). However, the expression of the fusion in a kdgR mutant is still induced by GA.
Transcriptional regulation of genes involved in pectin and GA degradation pathways are independent. GA catabolism is specifically controlled by the ExuR repressor (18) . kdgM expression increased 4-fold in an exuR background, indicating that it also belongs to the ExuR regulon. The additive effect of the kdgR and exuR mutations (Table III) suggests that KdgR and ExuR control the kdgM expression independently. CRP is a transcriptional activator of many genes involved in sugar catabolism, in response to the cAMP intracellular level (22) .
The expression of kdgM is 3-fold repressed with the presence of glucose in the medium or in a crp mutant, indicating that kdgM is submitted to the catabolite repression via the CRP activator. A 7-fold increase in kdgM expression was observed in a pecS mutant (40, 20) . This regulation by PecS seems to occur essentially during the late exponential or early stationary phase of growth (data not shown). The additive effect of the kdgR and pecS mutations (Table   III) suggests that KdgR and PecS control the kdgM expression independently. In contrast, the regulators ExpR, which is involved in the cell density-dependent regulation (23) , and PecT (Fig. 3A) . Until now, no consensus for the PecS binding-site has been characterized.
A kdgM mutation affects pectinolysis -The pathogenicity of a kdgM mutant was studied in planta to observe the effects of a kdgM mutation on E. chrysanthemi pathogenesis. Chicory leaves were infected with 10 6 bacteria of wild type strain or kdgM mutant. The length of softrotted tissue is indicative of the virulence of the strain. The length of rotted tissue measured after 24 hours of incubation in a dew chamber at 30°C was 14 ± 7 mm for the kdgM strain A3573 whereas it was 35 ± 9 mm for the wild type strain A350, indicating that KdgM is necessary for the full virulence of E. chrysanthemi. The effect of the kdgM mutation on pectate lyase synthesis was studied by assay of the pectate lyase activity on toluenized extracts of cells grown without inducer or with PGA and GA as inducer (Table IV) (48), is not modified in a kdgM mutant and the pectate lyase activity of the total toluenized extracts and the supernatants are identical (data not shown),
showing that the reduced amount of pectate lyases does not result from an impaired secretion.
Thus, KdgM seems to be essential for the conversion of PGA, but not GA, into inducing molecules. Its localisation in the outer membrane suggests a role in the entry of the GA n into the bacteria.
To assess this role of KdgM, the wild type and kdgM E. chrysanthemi strains were grown in media that contain, as the sole carbon source, GA, GA 2 , GA 3 or a mixture of GA n obtained by digestion of PGA by the pectate lyase PelL. To prevent extracellular degradation of GA n by the secreted pectinases, an out mutation was added to the strains. No growth was observed with PGA because of the absence of secreted pectinases which prevents its degradation (Fig. 5) . Growth of both strains was identical with GA, GA 2 and GA 3 . Growth of the outD strain A1851 was slower with GA n than with GA but reached the same final OD. In contrast, growth of the outD kdgM mutant A3577 with GA n was very limited and stopped quickly (Fig. 5 ). These data suggest that this strain probably metabolized the limited amount of short oligomers present in the mixture but could not use the longer GA n . Thus, KdgM could be a porin required for the entry of GA n into the bacteria, explaining the reduced virulence and the reduced induction of pectate lyase synthesis in the kdgM mutant.
Purification and analysis of the KdgM protein -KdgM was purified for further
electrophysiological assays on a lipid bilayer. Many detergents commonly used in porin purification were inefficient for KdgM extraction. KdgM appears to be particularly hard to solubilise in neutral detergents. Two consecutive extractions with 0.5% N-lauroyl-sarcosyl and 0.7% n-octyl-β-D-glucoside were finally performed to extract most of the outer membrane proteins and KdgM was solubilized with 0.5% SDS. KdgM was further purified by two consecutive Tris-tricine and Tris-glycine SDS-PAGEs (Fig. 2B ). The identity of the protein and the purity of the preparation were checked by mass spectroscopy.
Various biochemical characteristics of porins were tested with KdgM. Like many porin subunits, the KdgM protein migrates abnormally since its apparent molecular mass is about 28 kDa while its calculated molecular mass is 24.688 kDa. Most, but not all, porins are homotrimers. These trimers can be observed in SDS-PAGE, since they are stable in the presence of SDS unless heated at 100°C. In the case ok KdgM, migration in SDS-PAGE was the same whether the samples were boiled or not. Furthermore, formaldehyde cross linking did not show any multimerization of KdgM while dimers were observed for the control protein KdgR (data not shown). The same result was observed when bacteria were grown in the absence or in the presence of PGA. Thus, KdgM appears to have a monomeric organisation.
Porin activity of KdgM in planar lipid bilayers -The purified KdgM protein was
introduced into liposomes. Addition of these proteoliposomes to the cis compartment of a bilayer chamber, at low protein concentration (3 ng.ml -1 , final concentration), resulted in the rapid insertion in the bilayer of large conductance channels. These channels were open at 0 mV and at low, positive or negative, potentials. By termination of the mixing in the cis compartment after the insertion of the first channel, we could record the activity of a single channel. In most of the cases, application of a high positive membrane potential (100 mV and above) resulted in the closure of the channel, while highly negative membrane potentials had no effect (Fig. 6) . Even the application of a very highly negative potential, down to -200 mV, was ineffective. In some cases, the opposite behavior was observed (i.e. closure at negative potentials and no effect at high positive potentials) suggesting that the channel had been inserted with an opposite orientation in the bilayer. Closure at positive and negative potentials could also be observed following the insertion of several channels, presumably inserted with opposite polarities. Fig. 7 illustrates the effect of voltage pulses of increasing magnitude, at positive potential, on the closure of the channel. Between pulses the membrane potential was held at 0 mV, which resulted in the reopening of the channel. Although fast gating could be observed, closure followed the pattern of slow kinetics documented for porin channels. The higher the membrane potential, the faster the channel could be closed.
Most of the porins that have been studied electrophysiologically are trimeric proteins. In these cases, several reports have shown that voltage-dependent closure occurs in three steps, the conductance of each step corresponding to one-third of that of the inserted trimers. It was proposed that these steps correspond to the closure of individual monomers (49, 50) , later
shown by structural studies to correspond to individual channels. It is noteworthy that, in this study, we could repeatedly record channels that closed in only one step corresponding to the inserted conductance ( Fig. 6 and 7 ). This observation is consistent with the biochemical data suggesting that KdgM is a monomer.
In contrast to other porins for which multiple conductance steps are usually observed, one predominant conductance was observed for KdgM. The I-V curve was markedly nonlinear ( Fig. 8) . At a positive potential the conductance of the channel was 450 pS in symmetrical 800 mM KCl media. Under asymmetrical conditions (800 mM KCl vs . 100 mM KCl) the reversal potential was 18.5 ± 8.2 mV (SD, n =16), corresponding to a 2.8 preference for chloride over potassium, as calculated from the GHK equation.
The effect of GA 3 on ion channel conduction through the KdgM channel was examined.
Addition of relatively high concentrations of GA 3 to the trans compartment resulted, at positive potential, in an apparent decrease of the single-channel conductance and in an increase in the channel noise (Fig.9A) . No effect was observed at negative potential.
Conversely, addition of GA 3 to the cis compartment induced a similar inhibition at negative potential but not at positive potential. The behavior shown in Fig. 9 is that described for fast blockers whose residence time is too short to be distinctly resolved by single-channel recording (51, 52) . For a membrane potential of 100 mV, a K D of 34 mM could be determined for GA 3 (Fig. 9B) . Maltotriose up to 50 mM, used as a control, had no effect on the channel conductance. However, 50 mM ATP was also able to induce a voltage-dependent fast block of the channel.
DISCUSSION
KdgM is one of the most abundant proteins of the outer membrane of E. chrysanthemi grown in the presence of pectin. The regulation of kdgM expression resembles the regulation of the pectinolytic genes, whose expression is controlled by the KdgR, PecS and CRP regulators, and of the GA catabolism genes, whose expression is controlled by the ExuR repressor. Thus, the kdgM expression behaves like that of genes involved in pectin catabolism.
The pectin degradation pathway has been extensively studied in E. chrysanthemi.
However, up to now, the means of translocation of GA n across the outer membrane remained an unanswered question. We showed that KdgM is a porin specific for GA n , allowing for their transport into the periplasm. E. chrysanthemi possesses aspecific porins similar to the OmpF and OmpC porins of E. coli, which are responsible for membrane permeability for molecules of <600 Da (14). Such porins could be responsible for GA 2 and GA 3 uptake (GA 3 is 546 Da)
but not for the uptake of larger GA n . When grown in the presence of GA n (Fig. 5) , the kdgM mutant can assimilate GA n smaller than tetramers, indicating that these molecules can pass through aspecific porins. However, E. chrysanthemi is able to grow on larger oligomers only when kdgM is efficient, suggesting that KdgM is probably the sole porin through which these molecules can enter the bacteria. The kdgM mutation decreases the virulence of E.
chrysanthemi. This could be be due to a lower formation of intracellular inducing compounds that, in turn, prevents the full induction of pectate lyase synthesis. This suggests that a large proportion of long GA n enters the bacteria while pectinolysis is taking place, during the course of plant infection. E. chrysanthemi possesses, in the periplasm, several enzymes, such as PelX and PehX, that are able to cleave these oligomers (10, 53).
We tested whether KdgM presents the classical porin properties using electrophysiological experiments. After insertion in planar lipid bilayers, KdgM channels exhibited the following characteristics. The channels had a high conductance, were open at low membrane potential and could be closed upon application of a high voltage. Voltage dependence was asymmetric. These characteristics constitute the electrophysiological fingerprints of porin channels. The channel exhibited a weak anion selectivity, consistent with its putative role in the translocation of GA n across the outer membrane. Similarly, the PhoE porin, which is induced in E. coli cells that are grown under phosphate limitation, is weakly anion selective (50, 54, 55) .
Most porins are trimeric (14). OmpA is an example of a protein of the outer membrane of E. coli which is monomeric. Its N-terminal domain is integrated into the membrane in the form of a β-barrel of eight β-strands (56). Osmotic swelling experiments (57, 58) , as well as planar bilayer experiments (59, 60) , have been reported, indicating that OmpA forms pores. OprF from Pseudomonas aeruginosa, which is closely related to OmpA, has also been reported to form pores (61) . However, whether OmpA is a bona fide porin remains controversial (56) . Recently the E. coli porin OmpG has been characterized and it has been suggested that it is a monomeric porin (62, 63) . The biochemical data presented here indicate that KdgM is a monomer. In addition, its electrophysiological behaviour, as compared to that of trimeric porins, is also consistent with a monomeric organisation. KdgM is therefore one of the first clear examples of a monomeric porin.
Several specific porins can be blocked by their substrates in electrophysiology experiments, indicating the presence of binding sites (14). A well-studied example is that of LamB (64, 65) , which facilitates the diffusion of maltose and maltodextrins. While in this case, well-resolved block of the channel, at the single-channel level, can be observed (66) , in the case of KdgM the short-lived blocked states could not be resolved. At the very least, these data indicates that GA 3 is driven through the pore and that it interacts with the pore.
Electrophysiological evidence in favor of the conduction of longer polymers of defined length will first require the purification of the corresponding molecules.
Biochemical data indicate that KdgM defines a novel family of porins that have no sequence homology with characterized porins. In contrast, they present several specific characteristics and these data suggest that the KdgM homologues probably function as sugar porins too. The genes of the kdgM family are usually situated at the vicinity of sugar transport and sugar catabolism genes (Fig. 4) and most of them are characterized by an AT-rich coding region (Table II) . Sequence conservation between the proteins of the KdgM family is very low, a property that is usually observed in the porin families. were plotted against the membrane potential. 
